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VARIATION OF PEAK PITCHING-MOMENT COEFFICIENTS FOR 
SIX AIRFOILS AS AFFECTED BY COMPRESSIBILITY 
By Harold E. CI ear y 



SmiMARY 



Pressure-distrxbution te3t3 of six NACa lb-series 
propeller sections v/ith 1-foot chords were conducted in 
the NACA 8-foot high-speed tunnel to determine the 
compressibility effects on peak section pi tching -moment 
coefficients. The data are presented as curves of peak 
section pitching-moment coeffici^ait against Mach number, 
thickness ratio, and cair>ber. 

The Deak oi tching-moment coefficients were found to 
occur in the regions of positive and negative stall. For 
these conditions, especially for the thicker airfoils 
and in the region of positive stall, the critical speed 
occurred at Mach nmnbers as low as O.JO and m.arked 
changes of the peak moment coefficient occurred at 
Mach numbers as low as 0.55. Increases in thickness and 
cam.ber were foiuid to accentuate the compressibility 
effects on peak moment coefficient. 



INTRODUCTION 



The problem of the excessive twisting moments 
developed by propeller blades and the consequent failure 
of pitch-control mechanisms have aroused Interest in the 
factors contributing to these twisting moments. One of 
these factors is the aerodynairac pitching moment of the 
propeller-blade sections . 

The conditions enco'ontered on the blades for normal 
propeller operation are bracketed between positive and 
negative stall o The condition of positive stall is 
associated with take-off, climb, and pull-out; and 
negative stall might be associated with dive and dive 
entry. 
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The general effect of compressibility on the pitching- 
moment coefficient is shown in references 1 to 5, but the 
range of angle of attack tested is not sufficient to 
include the conditions for maximum moments. Some moment 
data are available for sections designed to delay adverse 
compres3ibility effects (reference i^), but again these 
data are limited to conditions below the points where the 
maxim.um values, both positive and negative, of the moment 
coefficient are reached. Further limitations of the 
tests of reference k are that the Reynolds nuiribers are 
lower than for the present tests and the tunnel-wall 
effects resulting from the larger ratio of model size to 
tunnel size are larger. Because of the Importance of 
coranressibility effects on airfoil characteristics, a 
detailed investigation of these effects is being conducted 
by the NACA. The present report includes a part of the 
data obtained from tests conducted in the NACA 8-foot 
high-SDeed tunnel on several airfoils covering repre- 
sentative ranges of thickness and carriber. The data 
obtained in the present investigation constitute an 
extension of the results of reference 4, and part of the 
data were obtained to study the effects of the differences 
in the test conditions previously noted. 

Use of 1-foot-chord models gave practically full- 
scale Reynolds nwnbers and reduced tunnel-wall effects. 
Use of pressure-distribution measurements in the central 
spanwise region of the models, which spanned the tunnel, 
gave practically tvjo-dimensional results. Particular 
emphasis was placed on pressure-distribution tests rather 
than force tests because the type of phenomenon that 
occurs is more clearly illustrated. The Mach number 
range extended from 0.12 to 0.68. 



A?T=ARATUS AND METHODS 



The NACA 8-foot high-speed tunnel, in which the tests 
were carried out, is a single-return circular- section 
closed-throat tunnel. The airspeed is continuously 
controllable from about 75 to 550 miles per hour. The 
turbulence of the air stretxm, as indicated by transition 
measurements on airfoils, is unusually low but somewhat 
higher than that of free air. 

Six models having NACA l6-209, I6-509, l6-709, l6-215, 
16-515, and 16-715 airfoil sections of 1-foot chord were 
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investigated. Thlj?ty orespure orifices distributed along 
the chord were located^'at practicall^r the same spanwise 
station at the center of the air stream. The airfoil 
profiles and orifice locations are '^.hown in figure !• 
The airfoil oral nates ware calculated by the r.iethod 
described in reference 4. 

The model, when mounted in th- tunnel, completely 
spanned the jet (fig. 2). Except for auxiliary streamline- 
wire bracing, I'eqaired by structara?. considerations, the 
standard NACA 8-foot high-soeed tunnel mounting and ^etup 
were e:nployedo Teats at low and inediu^n speeds with and 
without braces indicated that interference of the 
auxiliary supports on the flov; at the measurement station 
was negligible. 

Measurements were ^nade, for the miost part, of the 
chordwise pressure distribution at the midspan region. 
The surface orifices in the airfoil v/ere connected to a 
multiple-tube manometer located outside the test section. 
The pressure tubing connecting the orifices was of sm.all 
diam-etsr and v/as located within th^ wing. Simultaneous 
recordings of the pressures ai: all orifices in the wing 
were made by photographing the miultiple-tube manometer. 

The Mach number range extended from 0.12 to 0.6S. 
The Reynolds num.ber range of the tests and the variation 
of the Reynolds number with Mach nurr-ber are shown in 
figure $ o 



The data presented in this report are in the form 
of dimensionless coefficients. 



RESULTS 



a 



angle of attacl 



k, degrees 



M 



Mach nui.iber 



section lift coefficient 



section pi tching-moment coefficient 



P 



p I ^ e s s u r e coefficient 

/Local static pressure 



Free- stream static pressure 
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t/c thickness-chord ratio 

M crit'cal Mach miir.ber, defined as the velue of 

free-stream Mach nvjnber at which a Mach ntunber 
of 1.0 is first attaiiied ab any point in tno 
flow field 

R Reynolds muriber 

Subscripts : 

about quarter- chord axis 
e.g. about center- of-gravity azis 
iiiax maxiiaira 
cr critical 

Determination of the location of the center of 
gravity of a large number of this series of airfoils 
indicatos that the general expression for cenrcr-of- 
gravity location of a homogeneous section is 

x^ p. = O.kok X Chord 

V = 0.0)i5S X Desien lift coefficient x chord 

where x,. . is distance behind the leading edge and 

Y is distsnce above the chord, 

•'e.g. 

A sample plot of the variation v.-lth angle of attack 
of the lift coefficient and the pi tcMng-moment coef- 
ficients about the quarter-chord ond center-of-gravi ty 
axes for the airfoil s^.ections reported herein is given 
in fi-^uT-e li. "^hese data are for the MACA I6-509 airfoil 
at a Mach number of O.55. The values of lift and moment 
coefficients wore deternined by integration of the 
normal -o re ss -ore distribution. Analysis has sho^m tnat 
up to the value of m^aximum. lift coefficient the normal- 
force coefficient and the lift coefficient aro essentially 
the smne. 

Peak values of moment coefficient for all the air- 
foils at all values of Mach number tested were determined 
from plots similar to fig^^re 1^. Tho values referred to 
as "peak moment coefficients" are those for wliich tne 
slope of the m.oraent variation with, angle of attack is 
zero. Higher va.lues may be obtained beyond the stall. 
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The moments taken about the quarter-chord point are 
of interest in wing design because this point has closely 
approximated the aerodynaiidc center of the older con- 
ventional airfoils. Consideration of the moments about 
the center-of -gravity axJ.s snters into propeller design, 
for which the sections reported herein were primarily 
developed. 

The variation of the peak section moment coef- 
ficients about the quarter- chord and center- of- gravity 
axes with Mach number is presented in figure 5. The 
scatter shown by some of these results is a consequence 
of the unsteady flow in the stalled region^ The dash- 
lino curves in figure 5 woi-e obtained by multiplying the 
value of the moment coefficient at M = 0.20 by the 

Glauert-Ackerot relation - This relation is 

not strictly applicable because the angle of attack is 
not constant and because the flow departs from potential 
flov/ in the stall region. 

Pressure-distribution diagrams for the NACA 16-715 
airfoil at an angle of attack of 6^ for Much n-ombers of 
0.25, 0«53j, and 0* 6I4. are given in figure 6. These data 
illustrate the chaiigcs in chordwise pressure load distri- 
bution over the upper surface of the airfoil as affected 
by increase of Mach nvjnbert No important changes in the 
pressure distributions over the lower surface were found 
near the stall v/ithin the Mach number range tested, 

Fig'^oro 7 a comparison of the pressure distri- 
butions in the negative stall region at Mach numbers 
of Oo25 and 0^60 over the IIACA I6-509 9Jid 16-515 airfoil 
sections, which have the S£ime design cam.bcr o.nd different 
thickness* 

In order to illustrate the variation of peak moment 
coefficient with thickness ratio, a cross plot of the 
data given in figures 5(a) and 5(b) for the two airfoils 
cambered to give c^ = 0,2 at an angle of attack of 0^ 
is presented in f ir-ure 8 for throe values of Mach nujnber. 
In order to illustrate the effect of camber on the peak 
moment coefficient, a similar cross plot for the two 
thickness ratios tested is presented in figure 9* 

A com.p arisen of the pressure distributions of three 
differently cambered airfoils is presented in figure 10 
for the NACA l6-209 , ^l6- 509 , and 16-709 sections at an 
an^le of attack of -6^ and' Mach naimbers of O.25 and O.6O. 
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The£3e data, as presented, have not been corrected 
for wind-tuimel-wall' Interference. An analysis, however, 
has been made of these effects aocordinc to the methods 
of reference 5 which gave the following maximum 
corrections : 







Maoh 
numlDor 


Lift 


Momenc 
coeff iciont 


Drag 
coo ff iciont 


— — \ 

Angle of 

attack 


3 


3ign 

.if t range 


Loss than 
1 percent 


Less than 
i^ercent 


-0.002 


Less than 
0.0001 


Loss than 
^0.01^ 


Higii 

lift range 


1 porcont 


-2 percent 


-0.002 


0.001 


to. of 



The method of correction used has only qualitative 
application at high values of lift coefficient and super- 
critical values of Mach number. The corrections obtained, 
however, give a good estimate of the order of the inter- 
ference effects. 



DISCUSSION 

Variation of Moment Coefficient with Angle of Attack 



The variation of mom.ent coefficient about the 
quarter- chord axis with angle of attack, as shown by the 
sample data of fir.ure h, indicates that the aerodynamic 
center is aopreciably forward of the quarter-chord 
station. Tlie peak values of moment coefficient aro shown 
in this figure" to occur in the region of positive and 
negative stall. The angles of attack at which the peak 
lift and moment coefficients occur (table I) are fo-jnd, 
in general, to agree within 5*^ with a few scattered 
variations as high as 6° in the region of negative stall. 



Variation of Peak Moment Coefficient with Mach Number 

Subcrit ical region .- The comparison shown in figure 5 
of the~variation of moment coefficient with Mach munber 
and the Glauert-Ackeret theoretical variation based on 
the moment coefficient at a Mach number of 0.20 shows 
close agreement with the data in most instances, and in 
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no case doos the disagreement exceed a value of raoment 
coefficient of 0.02. The theoi'etlca.l variation is not 
applicable beyond the critical Mach n-ai^-ber Mcp. The 
teriTilnatlon of the theoretical vr.r-lat5ons In figiore 5 
therefore indicates the critical Mach number for peak 
condition. 

The hj ghex' values of critical Mach n\-UTiber obtained 
for the thinner of the airfoils tested are not in 
conformity v/lth the theoretical results for this series 
of airfoils. At angles of attach considerably different 
from the design aiigle, the theoretical pressure distri- 
butions for tho thinner airioils indicate lower critical 
speeds than, for the thicker airfoils, because the sharper 
leading edges of the thinner airfoils than cause higher 
Euporctrear.i velocitios. As a consequence of the steep 
pressure-recovery gradients associated with these super- 
stream velocities, sormration is believed to be induced 
which prevc;nts 'ohe attainment of the superstreaia velocity 
indicated by theory. The separation phenomenon thus 
raises tho crit'cpl speed of the thinner airfoils to 
appreciably higher values of Mach number than indicated 
by theory. 

Superci^-tico]. ra;-:ion.- Pelatlvely large, abrupt 
change's "fnl-he variation of r>ea\: moment coefficient with 
Kach number are found to oocvx in the stall regions for 
the thj.ck Mghly cam.bered aj. rfoil, as shown in figure 5(e) 
for the NAGA Ic-TlS airfoil. Tnc increments in moment 
coefficient are shown to bo between 0.025 and 0,10. 

For the thinner highly cambered NAGA 16-709 airfoil, 
a similar abrupt change is shown in tho curve for the 
momenta taken about the center of gravity in the positive 
stall region, bat no corresponding change in the moment 
taken about the quarter- chord axis is exhibited. Jiixa 
differonce in moments taken about the two axes is a 
consequence of a change in the magnitude rather tha.n in 
the distribution of tno .Tifto No abrupt changes occur 
for the airfoils having lowor camber in tho runge tested. 

The fundamental pressui-'e-distrlbution changes with 
Mach number that occur in conjuJictlon with the changes 
in moment coefficient are shewn in ilgure 6, The charao* 
terlstlc low-sneed pressure distribution is shown for a 
Mach number of" 0,25'. At a Mach number of 0,55, local 
supersonic flow has been attained over the leading edge. 
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This condition gives rise to incipient shock and it nay 
be noted faat, altho-ogh the oveesnve distribution is 
chaJiri^ the 'change is still slight. Further increase ■ 
in Mach number to 0,bk* at which imprrtant chane;es in the 
moiTKjnts have occurred, leads to extensive supersonic flow 
over- the fonvard half of the airfoil followed by well- 
established cQiipression shocic. These changes in both tne 
lift and lift distribution over the airfoil lead to the 
effects on the peak moment coefficient shown in figure ^(e). 

The deta frr the thick airfoils (figs, 5(a), 5(c), 
and ^(e)) indicate that the critical Mach number can be 
exceeded b> an appreciable mavi^n before irap or t ant changes 
oc^m- in the variation of iromoi.it coefficient with Mach 
number. This effect is believed to be a result of the 
local character of the supersonic field, v.hich exists 
only in the i:Timcdiate vicinity uf the airfoil and extends 
over only a small ohordT/ise portion of the airioil. The 
same phenomenon 3 s exhibited for the thinner airfoil 
(fig. 7(a)) but the value of critical Mach number is 
higher, as discussed x^ndor "Subcritical region." 

In the negative stall region, changes of the order 
of O.OS have tahen olace in the variation of moment coef- 
ficient wnth Mach number but these changes, except for tho 
NACA 16-715 airfoil, have not been abnpt. The absence 
of abruot chan^-es is also indicated by tho data of 
figui-'O 7, Yhich chow that there are no decided changes 
in shape of the pressure-distribution diagrams vrithin 
the Mach number range investigated. Calculation of the 
critical speed from theoretical pressxire distribution 
would indicate that serious compression shock and 
therefore important flow changes might be expected at 
the liighest sneeds for which data are shown. Actually, 
separr.tion phenomena probably occur which effectively 
delav the onset of comf.ression shock. At speeds higher 
than" the range of this inve :/bigation, abrupt changes 
might be expected. 

The compressibility -ohenomena jhist discussed are 
believed to be common, at least qualitatively, to all 
airfoils in current use because in tho stall rogxon ail 
airfoils exhibit a characteristic pressure peak near the 
leading edge and, hence, qualitatively have the same type 
of flov; oattern. The present results indicate the ei loots 
of compressibility^ on these typos of flow pattern. 
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Effects of Thiol<nes3 on Peak Monent Coefficient 

The variation of peak ^riorient coefficient vjith 
tMclmeas is shown in figure 8 for the NACA 16-209 
and 16*215 airfoils. The resu.lts for the airfoils 
cambered to give lilt coefficients of 0« 5 ^^'T 
angle of attack of 0^ shov; the same type of variation 
and differ only in magnitude from the results presented 
in figure 8« The lines connecting the plotted points do 
not necessarily represent tlio variation between the 
points but serve In this case only to identify points at 
corresponding values of M^?ch number. These results show 
that an increase in thickness gives a numerical increase 
in the mom,ent in both the positive and negative stall 
regions. 

Another effect of increasing thlcl<ness is to accentuate 
the compressibility effects on the momexit coofficiento 
This result is due to tlie greatest si^perstream. velocities 
associated with groa-ter thiclmess^ as noted in the 
following discussion (fig. 7). This effect is illustrated 
by the different rates of change with thickness of the 
moment coefficients at lov; and high values of Mach number 
(fi£. 8). 

The changes in pressure distribution over the leading 
edge in the regions of stall are the underlying causes 
for the increases of peak moment coefficient with thickness. 
These changes are illustrated in figure 7« Theoretical 
considerations indicate a characteristic region of very- 
high sunerstream volocitios over the loading edge. The 
pressure distributions for tine NACA 16-509 airfoil show 
a large reduction in the pressure peak over^the leading 
edge as the angle is changed from to -6 and indicate 
separation* It should be noted that this separation 
corresponds to the point at which the peak value of 
moment coefficient is attained. Per the NACA 16-515 
airfoil, howevr^r, such flow changes do not occur until 
beyond an angle of attack of -10^^ so that higher moments 
occur owing to loading differences as a consequence of 
differences in the angle of attack of the two airfoils. 
The earlier reduction of the superstream velocities shown 
for the thinner sections is ascribed to their relatively 
sharper loading edges, as discussed under "Subcritlcal 
region." The changes noted here effect changes in the 
lift and moment of the airfoil. Tlie pressure distributions 
presented in fig\ire 7 wore taken in the negative stall 
region; hov/evor, the same fundamental changes occur in 
the positive stall region. 
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Effects of Camber on Peak Moment Coefficient 

The effects of increased camber on the peak moment 
coefficient (fig. ^0 are, in the region of positive stall 
and for the range of Mach number tested;, of the same 
magnitude as the effects associated with increased 
thickness (fig. 8). The variation of the moment coef- 
ficient about the quarter-chord axis with camber is, 
however, in the opposite direction from the variation 
with thickness. This result is ascribed to the change 
in distribution of tlie pressure load over the whole 
airfoil effected by camber, whereas the changes effected 
by thickness variation are -Drincipally changes in the 
loading over the forv\^ard portion of the airfoil due to 
change of nose radius (figs. 7 ^ind 10). 

The effects of cambur variations on the moment coef- 
ficient in the negative stall region aro smaller than those 
due to thJ.cknosc variation, and the variation of the 
moment coefficient taken about the center- of -gravity axis 
is in the opposite direction. The variation of peak 
moment coefficient v/lth camber appears to be little 
affected by increase of Mach xuamber vjithin the range 
investigated. 



CONCLUSIONS 



From an investigation of the compressibility effects 
on the peak section pi tching-mcment coefficients of 
six NACA l6-series airfoils, the following conclusions 
ha ve b e e n made : 

1. The peak pitching-miomont coefficients, v/hich 
were encountered in the regions of positive and negative 
stall, underwent important changes due to compressibility 
effects. In several instances, variations of pitching- 
moment coefficient of O.025 to 0.10 were encountered for 
the thicker and more hulghly cambered airfoils tested^ 

2. Critical speeds as Ioyj as a Mach number of O.5O 
were encountered and marked changes of peak pitching- 
momont coefficient occurred at Mach nvontaers as low as O.^J. 

5. Extrapolation of low-speed data according to the 

Glauort-Ackeret relation - 11^ gave valid or con- 

servative estimates of the variation with Mach number 
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in the subcritical region. Because of the low critical 
speeds asp.oclated v/ith operation in the stall region, 
however, this nethod is liirited in application. 

If. Increasing the thickness and camber of an airfoil 
in compressible flov; acoentuaced the compressibility 
effects on the aerodynamic pitching moment. An increase 
in the value of the pi tchlrg-moment coefficient was found 
to occur v.ath an increase in thickness* 
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TABLE I 

1^ ANGLES OF ATTACK AND MACH mTMBKRS AT WHICH 

»r\ PEAK LIPT AHD MOMKHT COEPFICIBNTS OCCUR 





Angl« of attack 

(deg) 


Maoh 
number 


Positive 


stall 


Negative 


Stall 


Positive 


stall 


Negative 


stall 








e.g. 






^c.g. 


^max 








^cA 


"^c.g. 




NACA 16.209 airfoil 


NACA 16.215 airfoil 


0.12 
.20 

.25 

•Z4.0 

.55 


10 
10 
10 
10 
10 
10 

9 


8 

I 

8 
8 
8 
6 




-9 
-10 

-8 

-10 
-10 
-10 
-8 
-XO 
-10 


-6 


-8 
-8 

:l 

-8 
-7 
-7 
-7 
-7 








-14 
-11 
-11 
-11 
-12 
-11 
-11 


-11 
-11 
-11 
-11 
-10 
.11 
-10 


-11 
-11 
-11 
-11 
-10 
-11 
-11 


I 
I 

8 
8 
8 


^6 
-6 
•6 
••6 
-6 
•6 
.6 


!J 

12 
11 
11 
10 


13 

12 
11 
11 


li 

13 
11 
11 
10 


.io 








-6 


10 

8 


XO 
XI 


10 

9 


-11 


-10 


-10 
































NACA 16.509 airfoil 


NACA I6.515 airfoil 


0.12 
.20 
.25 

.40 
.48 
.55 
.60 


10 

19 

9 
10 

I 

8 


10 

10 

10 
10 
10 
8 
8 


10 

10 
10 
10 

8 
8 
8 


-8 
-8 
-14 
-10 
-12 
-10 
-10 
-10 
-10 


-6 
-6 
•6 
-6 
-6 
•6 
-6 


-6 
-6 
-8 
-6 

:l 

-6 
-6 


14 

i 

14 
12 
12 
12 


15 
16 
16 

15 
12 
12 
11 


Ik 
15 
12 

12 
11 


-9 
-9 
-10 

-9 
-10 

:^ 

-10 
-7 


-9 
-10 
-10 
-10 

-9 

Is 

-8 


-9 
•9 
-10 

-10 
-9 

:l 

-8 


.64 








:i 


-6 








-8 


.68 








-6 


-6 




































NACA 16-709 airfoil 


NACA 16-715 airfoil 


0.12 
.20 
.25 
.53 

.6U 


11 

9 
10 
10 
10 
9 
9 
9 


10 
10 
10 

10 
10 
10 
9 
9 


10 
10 
10 
10 

10 
9 
9 
9 








14 
14 

It 
10 

8 


16 

16 
14 

14 
12 
10 
11 


15 

14 
15 

10 
12 


-12 
-9 

-10 
-8 

-8 

-10 
-10 

-7 
-10 


-6 


-8 

-9 
-10 
-8 
-8 

-9 
-10 

-1 


-8 
-8 
-8 
-8 
-8 
-8 
-8 
-8| 


-5 

1 


:l 

-6 
-6 

:l 

-6 
-6 


-8 
-10 
-8 
-8 
-8 
-10 
-8 
-9 
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